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RONDVU/ PRESTO

\ PROGRAM FOR RENDEZVOUS MISSION TRAJECTORY OPTIMIZATION

ABSTRACT

This report presents documentation for the addition of an orbital

rendezvous option to the trajectory optimization program known as

PRESTO VERSION DELTA which was developed for NASA Langley Research
Center. This option provides a program capability of determining

boost to rendezvous trajectories with a moving target of specified
ephemeris such that the time and location of the rendezvous will be
optimized simultaneously with the boost trajectory shaping. Rendezvous
occurs when the booster and the target have identical position and

velocity vectors.
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1, FOREWORD

This report was prepared by the Aerospace Sciences ILaboratory
of the lLockheed Missiles and Space Company, Palo Alto, California. Tt
represents the final documentation for the addition to the digital com-
puter Program for Rapid Earth-to-Space Trajectory Optimization (PRESTO)*
of an orbital rendezvous option (RONDVU), developed as Task II of NASA
Contract NAS 1-5255 for the langley Research Center. A FORTRAN source
listing and symbolic deck included with the master copy of this report
complete the program documentation. Dr. R. C. Rosenbaum was responsible
for program development. Dr. Rosenbaum, Mr. R, E., Willwerth and
Mr. R. L. Moll were responsible for the engineering development, and
the major portion of the computer programming was done by Mr. Moll.
The work performed was under the cognizance of Mr. R. L. Nelson and

Mr. D. I. Kepler of the IMSC Aerospace Sciences Iaboratory.

¥*
Published as NASA CR-158 by Robert . Willwerth, Jr., Richard C.
Rosenbaum, and Wong Chuck.
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2. INTRODUCTION

The ability of PRESTO to evaluate the performance of multi-stage
boost systems has been extended to include orbital rendezvous missions.

Modifications to the basic PRESTO program, plus the addition of
the RONDVU subroutine, have resulted in the capability of boosting to
rendezvous with a moving target of specified ephemeris such that the
time and location of the rendezvous will be optimized simultaneously
with the boost trajectory shaping. Rendezvous occurs when the booster
and the target have identical position and velocity vectors.

Solution of the rendezvous problem for the maximum payloed capa-
bility of a given booster requires the use of a nonplanar trajectory, an
adjustable launch time and initial launch vector, and an optimized thrust
vector orientation program. If a coast stage is permitted, the payload
is also affected by the duration of the coast, the minimum allowable
coast altitude, and the duration of thrust cycles on either side of the
coast.

The PRESTO/RONDVU digital computer program solves this performance
problem by the simultaneous optimization of pitch and yaw tilt programs,
terminal constraint combinations (implicit), intermediate state variable
constraints, and a variety of adjustable parameters with a closed-loop
steepest descent optimization routine.

A general description of how the RONDVU subroutine fits into the




basic PRESTO program organization is presented in Section 3 along with

two block flow diagrams. New symbols are defined in Section 4, Section 5
serves as a manual for operating the program, including input and output
discussions and comments on trouble shooting. All equations used in the
RONDVU subroutine are listed in Section 6. Section 7 provides a discus-
sion of the theoretical aspects required to modify PRESTO for the rendezvous

problem, and indicates where changes were made in existing subroutines.
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5. PROGRAM ORGANIZATION

Sequencing of Trajectory Iterations

The sequence of trajectory iterations and the computational flow
among subroutines for the rendezvous mission is identical to that in
PRESTO except for the addition of the RONDVU subroutine. At the end of
each forward trajectory, the PRESTO subroutine MISCON calls RONDVU, which
computes the target's position and velocity vector from an ephemeris that
is input in conventional orbit elements. The target's state variables
are used as the terminal constraints for the boost trajectory. The time
derivatives of these variebles are also evaluated by RONDVU for use in

the control equations as discussed in Section 7.

RONDVU Flow Charts

The function of the RONDVU subroutine is to correctly set the launcl
and rendezvous times, and convert the target's orbit elements to the
instantaneous trajectory variables existing at the rendezvous time, and
compute their corresponding rates at this time. Branches are available
for both circular and elliptic orbits. RONIVU is called from the MISCON
subroutine.

A conceptual flow chart, showing the general computational flow, is
presented on the next page. Following that is a detailed flow chart vhich
shows all the tests, logic, and equations used. These two block flow dia-

grams are complimentary, since the second represents exact documentation.
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SUBROUTINE RONDYY

KR3IzKR3

TRANSFER TO SUBROUTINE

0 4 oP320.000
OP420. 000 sroat

DP3,0P3,1,0A10(3)

TRANSFER TO SUBRCUTINE
STORE

DP&,DP4,1,AINT (DAIO(7)eSICN(D.1,DA80(7)))

OP1:0P3eDP4 TRANSFER TCO SUBROUTINE
orss0.000 STORE
DPEz 0. 000 OPS,DPS,1,0A8 (2)

DFE,DP6, 1 ,AINT (DA10(8)+SICN(0.1,0a10(8)))

TRANSFER TO SUBROUTINE
STORE

DTAV(8)20.0

60 TO
[

$TS(A): TGO

| DP9=DP5+DPS I I [,.,,,,
TGOz SNGL (DPS) 6O TO OI rcmv1nw
[7
[+]

¢ 10
8

KRIGRVZSICN(DALO(?) , DAL (S))+BIEN(0.1,0430(3))

1R r2DP4+DSIEN (0. 100, DPY)

JRY:OPLI+DBICN(0.100,00810)

o 10
6
; ] § [« ] [[o ]
TRANSFER TO SUBROUTINE N TRANGFER TO SUBROUTINE
-———4ior;xorr }—-—-**;;;xo.ooo KK3-8 sToRg ‘°::;f;’;::° sront
DP8,0P8,1,DTAU(0)/86400. 0, " DP9 ,0F9,1,TINCT/06400.0
*
¢ To
0
DP10=DPS+DPYDPY OP330PEDPY DP112DINT (DP10)
Tex3NCL (DP10) 0P4zDINT (DP) s
DAL1 (3)38NGL (DP10) 0P3:0P3-DP4 —
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WRITE(6,101)KKISRV,DAL0(S), IRY,DP3, DP9, JRYV,0P12

1P10:21P (10)

COMPUTED ¢O TO

1F THE vaLuE
OFf IP10
18
1

TRANSFER
10
STATENENT
1
2

]

DAs (1)=-FNU/BAL10D(R)
OAs (2)2DAN0D(2)
OA4(3)=0.0
AVYNZSQRT (FMU/DAAL (2) *»3.0)

DP11:0.000 STORE

OP11,0P11,1,RVN

TRANSFER TO SUBROUTINE

¢0 TO

o

¥

*

¢O TO

]

—-—{ RVBETA:AMOD (DA10(6) *»RVREVS, . 6283184330E+01)

]

TANNZ SNGL (DPS)
ALPHAE=AMOD (TANNS. 174353292€-01¢X(3),.628310530£+01)

OPS=DNOC (99.859967D0+0.98564743D02DF10+360.000% (DP10-DINTY (DP10)),360.000)

€0 TO
41

ALPNAE =

¢0 YO
41

I 40 l
-—{AL PHAETALPRAESS. 2031 lssJ«-—-—)

!
0P 12:0M00 (864D0.00% (0P10-DP1)%DP11,6.28318530717958600) | RVREVS - .
RVREVS=SNGL (DP12) ——4 RVREVS=RVREVS+,.628310530E+0)




]

N(SIALPRAE ASSICN
BETCO (RVBETA)
RVYCIENRCON (0A10(3)) e vtum:nvcuu 12
AVANINTSIN (0410 (3)) To
TANAG= TANN/ (RVENINSRVCBET)
RVERET: SINRVBETA) ANAGZTANN/ (RVENINsRVCOE KK19RY
I 12 I
DAS (4)ZACTN i ASSICN
RVSNLASRVSNI NeR VBBET TANNZRVCSINSRVSBET 13
RVCSLAZSORT (ABS (1.0-RVSNLASRVSNLA)) TANAG= TANN/RVCRET 10
CA4(S)I=ATAN(RVSNLAZRVCSLA) KK19RY
6o TO
as
l 13 | - l——
A a3 ]
RVNU=ACTN ABS (X (5)-DA4(6))~.314159265€+01 [ * J| contynue
DAS (6)=AMOC (RVNU+DA1D (4}, . 628318530E+01)
7
0
¢o TO

44

€0 TO

K |46|

o]

~—-—{ X(5)-.314139263€+01 }——‘—{x«s):xtsns.zanoss '———-ﬁo 10 44 l

ICONYINW DAS (6)=DA4 (6)+6.283185) ]-—-I

1F,
.

€O TO
a7

[ ]
[ 4 J COMPUTED 60 TO
1 17 THE vaLuE TRANSFER DA11(2):0.0
o:::"""":“: o OF 1P10 10 DA11(3)z0.0
Oats “’m' o 18 STATEMENT DA1S (4)=SIN(DAG(4)) SRVSNLASRVN/RVCSLA
) 1 3 DA11 ($)=CO8 (DA4 (4) ) WAVN
2 4

3

——{mn (6)=SIN (DAL (4)) *RVN/RVCSLA H 60 10 so‘l




€0 Vo

]

OAd (t)zDASO (1)
AVMIOAID(R)OSQRT (DAG (1) +2.00FNY/DALD (2))
RVRALFz -FNYU/DAS (1)

I 18 I
—-4’“!'((.. 17)0A10(2) ,RVRALF,DALID (1) H ¢0 T0 OQQJ

RVEX=1.0- (DALO (2)/RVRALF)
RVYN=SQRT (FMU/RVRAL Fas3 . 0)

bPF11-0.000

TRANSFER TO SUBROUTINE
sTomE 3
DP11,0P1L,1,RVN

RVRPOP=SNGL (DP12)

LP12=DMOD (86400. DO* (DP10-DP1) ,6.2831853071795800/DP1Y)

60 TO
21

——-* WRITE (6,300) I» '"'”H

*

6o VO
21

=) 1

¢O0 TO
22

1

—4 RYRPOP:RVRPOPe. $28318330E+01/RVN I-—4 uvnEAN:.v‘pop‘qu RVMEAN-3, I‘lS’lO’J_'_.l

L/
0
€0 YO
23

1

RVMEAN= . 628310330€+031-RVNEAN
1,103

L {ovow] [ vome|  [comme s
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“mm —

s REPEAT TO 30
uvtxn:uvntu]——470 10 ul Iuvt:u:u.oum:amu.susuuu‘oo

FoR
JRV=E , 201,

RVEXAISRVEXAL

! RYSPCOSRVEXSQAW (0. S-RVEXSGS(. 41666667E-01-AVEXSQL (. 13088809E-2-RVEXSQ* (. 2400198
--——{llv:mv HA“ (RVEXAL) -1 -0}_'_-) TE-04-RVEXSQ®.27557319E-06))))
1F,

RVSPSI=RVEXA1MRVEXSQ® (. 16666667E+D0-RVEXSQ® (. 833333333E-02-RVEXSA (. 198432890€
. ~03-RVEXSQ#(.275573192E-05-RVEXSQ®.250521083€-07))})

¢0 YO
26

=]

RVSPCO=1.0-COS (RVEXAL)
RVSPSI=RVEXA1-SIN(RVEXAL)

s

]

RVEXAN=RVEXAL+ (RVMEAN~- (1.0~-RVEX)SRVEXA1-RVEX*RVIPEL )/ (1. D-RVEX+RVEX R VSPCO)

€0 TO
20

4
._{ WRITE (8,303 ) RVEXAL, AVEXSS, RVSHCO, A VEPSI '""‘”H 488 ( (RVEXAN-RVEXAL) 7 (RVEXANSRVEXA1))-3. 0E-8 I._:_..,

/
0
0 TO
28
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m nnuo.uunnu.nquo 10 !ﬂ

COMPUTED ¢O YO
| 28 l 1IF THE VALUE TRANSFER
oF 1rF10 1o
AVREVSIZ. OGATAN (BQRT ((2.0oRVEX)/ (1. 0-RVEX) ) S8IN(D. SMRVEXAN) /COB (D. S8R VEXAN) ) s STATENENT
1 113
2 29
3 3s

[ ]

» ] RVBETA=AMOD (DA10 (6) ¢RVREVS, . 628318530E+01)
RVREVS:=. 028310330k +02-RVREVS DAS(2)=DAL0(2)#((1.0+RVEX)/ (1, DsRVEXSCOS (RVREVS) )}
1ri10s2 RVBDOT=RVN/ (DA4 (2)#DA4 (2))
RYVEL=SQRT (CA10 (1) +2.  OWFNU/DA4 (2))

———4’DAI (B)=ATAN(RVEXSSIN(RVREVS) )/ (1.0+RVEXSCOS ﬂﬂt\ll)))H’GO TO 32 I
I 4 I S0

DA11 (R)=RVVELSSIN (DAL (3))
DAL (3)2CO (DAA(3))# (RVVELWRVVEL -FMU/DA4 (2))7 (DAS (2) WMVVEL) I DA11(6)=SIN(DA4 (4)) MMVBDOT/RVCSLA

DA11(4)=3IN(DAL(4))RVENLASRVBDOT/RVCSLA
DA11(3)=CO8 (DAL (4) ) MRVBDOTY

o]

——'4 WRITE (8,32) (DAS(JRY) ,JRV=1,08),TWOE, X (3),CAM] ,PSII X (7),ALPHAE WRITE(S,51)1P (1) .IIV}

L WREITE (S, 54)R v, RVRALF  RVEX,RVN,RYRFPOP ,RV) TAN,RVEXAN,RVREVS , AVBETA ,RVYNU,RVVEL , R
V800’

——47WIV( 16,96) (DAIDIIRY) IRV lj——'




i o]

60 10 €0 TO
5008

AtvusAVAu(tANacj—{"A

€0 TO
3014

convyNuE ANAC 60 10 soul Icouuuut}—)
l \V/
*
0 TO 0 T0
5004 5014
so 10

ACTN=ACTNs . 31412 5,!‘!!‘1}——* €O TO SDlll IACYN=AC7N‘G.203!.53 I—-—-)

TRANSFER TO STATEMENT
ASSIGNED TO KKiSRYV
FOSSIBLE vaL uEs
12,13
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4.RENDEZVOUS CODING NOMENCILATURE

A listing of all variables appearing in the RONDVU subroutine, plus
the new varisbles added to PRESTO

ACTN Answer from k-quadrant arctan routine
AIPHAE Right ascension of booster's present position
ANEXCN Eccentric anomaly of booster's position during

coast (COAST)
ANMEAN Mean anomely of booster's position during coast (COAST)
BSIDOT B vector * time derivative of terminal constraint (MEQ)
DA Double precision form of A matrix (MEQ)

** Boosters stopping parameter and terminal constraints
for RONDVU mission %%

DA 4(1) = 2E = Twice the total energy of the orbit

DA 4(2) =r = Instantaneocus radius at the rendezvous time

DA 4(3) = Yr = Inertial flight path angle at the rendezvous time

DA 4(k4) = *I = Inertial azimuth angle at the rendezvous time

DA 4(5) = A = Iatitude angle at the rendezvous time

DA 4(6) = = Inertial longitude angle at the rendezvous time

DA 4(7) = r, = Radius of perigee

DA L4(8) Available

DA 5(2) Fractional part of launch time in Space Age Dete
** Orbit elements for the target

DA 10(1) = 28 = Twice the total energy of the target's orbit

DA 10(2) = r_ = Radius of perigee of the target's orbit

h-1




[}
[y
]

10(3)
10(}4)

]
O
i

10(5)
10(6)
10(7)
10(8)

E B B B B B

11(1)

11(2) =r =

11(3) = ¥y
11(4) = ¥,
11(5) = A =

11(6) = iI =

B B B B R B B

11(7) = 0.0

4

11(8) = 0.0

DP 3
DP &4
DP 5
DP 6
DP 7

DP 8
DP 9
DP 10

DP 11

DP 12

Inclination of the target's orbital plane

Inertial longitude of the ascending node
Fractional part of perigee time in Space Age Days
Argument of perigee measured in the target's plane
Integer part of perigee time in Space Age Days

Integer part of launch time in Space Age Days
¥ Target vector ratesg **

Rendezvous time in Space Age Days

Time derivative of target's radius

Time derivative of target's inertial flight path angle
Time derivative of target's inertial azimuth angle
Time derivative of target's latitude angle

Time derivative of target's inertial longitude angle

Double precision form of target's perigee time
Double precision form of DA 10(5), tp fraction
Double precision form of DA 10(7), tp integer

Double precision form of DA 5(2), TGO fraction
Double precision form of DA 10(8), TCO integer

Double precision form of tentative new fractional part
of launch time in Space Age Days

Double precision form of current DTAU(8)
Double precision form of TIMCT
Double precision form of rendezvous time

Double precision form of rendezvous time integer for
output

Double precision form of rendezvous time fraction for
output

L-2




DTAU(8)
EXCENT

EXSQRT

MU

IP 10

JRV
KK19RV

PARTL

PTCAZ1

PTCL1

RVBDOT
RVBETA
RVCBET
RVCSIN
RVCSIA
RVEXAL

RVEXAN

Change to be made in launch time of day
Eccentricity of booster's orbit during coast (COAST)

Function used in relating true and eccentric anomalies
(COAST)

b, gravity constant
Non-subscripted form of IP(10)

= 0 RONDVU will not be called
= 1 calls RONDVU for circular target orbit
=2 calls RONDVU for elliptic target orbit

Used as counter in RONDVU

Used as index in RONDVU

Return code for RONDVU assign go to statements
Matrix of partial derivatives across a coast (COAST)

Partials of coast time with respect to trajectory
variables (COAST)

Partial derivative of coast time with respect to
azimith (COAST)

Partial derivative of coast time with respect to
latitude (COAST)

#HRVXXx are RONDVU variables at the rendezvous time %

Targets true anomely time derivative

Targets in plane range angle from ascending node
Cosine of RVBETA

Cosine of inclination of target's orbit

Cosine of target's latitude

Target's eccentric anomaly, first estimate
Target's eccentric anomaly

Eccentricity of elliptic target orbit

43



RVEXSQ

RVRALF
RVREVS
RVSBET
RVSNIN
RVSNIA
RVSPCO
RVSPSI
RVRPOP

RVVEL

ST 5(8)
TANAG

TANN

TIMCT

x(5)

RVEXAl squared
Target's angular momentum
Target's mean anomaly

Target's mean motion

Target's longitude angle measured from ascending node

Semi-major axis of target's orbit
Target's true anomaly

Sine RVBETA

Sine of inclination of target's orbit
Sine of target's latitude

Special cosine = 1. - cosine El
Special sine = El - gine E1

Required Part of Orbital Period

Target's inertial velocity at rendezvous time

Storage for DTAU(8), launch time adjustment
Tangent of the angle

Numerator of TANAG

Current time in space age date
Launch time in space age date
Time from launch including coests

Longitude




5. PROGRAM OPERATION

Data Input: Format and Discussion

DATA BLOCKS

Data required for the RONDVU version of PRESTO are grouped and
input in data blocks exactly as in the basic PRESTO. The special RONDVU

mission requirements are discussed below.

Data Block 4: Options

(1) ILunar and planetary transfer missions are not available.

(10) Triggers rendezvous computations. The RONDVU subroutine
may be called for either a circular target orbit, or for an elliptic
target orbit, or bypassed entirely. When bypassed, the program may be
used to generate reference trajectories and corresponding target ephemeris
data that would be the basis for parametric studies investigating perturba-
tions in the target ephemeris.

(20) Forces the perigee radius constraint to be imposed on the
coast stage regardless of the normal tests: this is vital for successful
computation of trajectories requiring violent maneuvers, as the perturbed

target ephemeris trajectories mentioned above.

Data Block 5: Stage Sequence

Coast stage 9 must be used if the radius of perigee constraint is to

5-1



be applied. The circular park orbit option is not available.

Deta Block 8: Terminal Constreints

RONDVU has been coded for the following sequence: stopping para-
meter = TWO E (Code 1), terminal constraints r, Ypr ¥p M Tg (Codes 14,
7, 9, 10, 8). The longitude constraint (#8) has been converted to right
ascension for the rendezvous mission. Provision has been made for up to
eight terminal constraints, which is one more than required when the pro-
gram adds the perigee radius conttraint. If RONDVU is not called, the
first four terminal constraints may be used for any of the available

perameters. The fifth, if it is used, must be inertial longitude.

Data Block 15: Nominal Constants

(2) The gamma increment has been assigned the sign of gamma, and

the value of .0002 is suggested.

Data Block 19: Terminal Constraint Magnitudes

RONDVU computes these magnitudes at the rendezvous time for each
iteration. However, the magnitude of the stopping parameter TWO E must
be input for the first case of every series of cases to a specific value
of T™WO E, since RONDVU is not called until the end of the initial nominal

trajectory.

Data Block 20: Launch Time

The second word is the fractional part of the launch date expressed
in Space Age Days, and must have the correct sign. For example, if

TGO = -37.632, DA 5(2) = -0.632. (See Data Block 25.)




T

Data Block 23: State Variable Constraints

Minimum allowable altitude (feet) for coast stage 9, loaded in the

third word, is used in the radius of perigee constraint (as in PRESTO).

Data Block 24: Nominal Range Angles

Accurate estimates for the nominal range angle traversed by coast

stage 9 improve computational speed by reducing the terminal errors.

Data Block 25: Target Ephemeris

The orbit elements necessary to define the target vehicle orbit are
specified. Angles are radian measure from O - + 2w only. The position
of the target in the orbit is determined by specifying the time of passage
through perigee, measured in Space Age Days. The eighth word is the whole
part of the launch date. Two data word input for these dates (target peri-
gee time and booster launch date) allows "double precision" accuracy.
Since one second = 107 day, a launch in 1970 requires TGO = 365x.xxxxl
for accuracy to within one second. Input of the whole part 365x. and
the fractional part .xxxxl separately gives even greater accuracy. The
argument of perigee may be defined to be zero for convenience with circular

orbits.

Data Block 26: Instantaneous Target Rates

Internal computation by RONDVU uses this data block for storage
of the instantaneous state variable rates of the target at the rendezvous
time. The quantities are stored in the same sequence as the terminal
constraints (after the first) as defined in Section 5 for DA 11(x).

Units are feet/second and radians/second.



Special TInput Deta

DATA BLOCK TITLE FORMAT COMMENTS
NUMBFR
L Options 2411 IP(10) RONDVU flag

O Dbypass RONDVU
1 circular target orbit
2 elliptic target orbit

IP(20) Perigee radius constraint flag

[ |

0 normal tests
1 impose constraint regardless

8 Terminal Constraints 913 For RONDVU, use stopping code 1.
There are six terminal constraints
including mass; use the list 14, 7,

9, 10, 8.
15 Nominal Constants 8rl12.8 CT6(2) = .0002 is suggested
19 Terminal Constraint 8E12.8 DAY (1), Magnitude of the stopping
Magnitudes parameter, must be input every time

& nev value is desired.
20 Initial Times 2E12.8 DA5(2) Fractional part of launch
Date (with correct sign) in Space
Age Days (days from 1 Jan 1960, 0.0 hrs U.L)

25 Target Ephemeris 8e12.8 DA10(1) TWOE = (vI2 - 2u/R)

DA10(2) Perigee radius, feet

DA10(3) Inclination, radians

DA1O(4) TInertial longitude of
ascending node, radians

DA10(5) Decimal fraction of target's
perigee time, S.A. Days

DA10§6) Argument of perigee, radians

DA10(7) Whole part of target's peri-
gee time, S.A. Days

DA10(8) Whole part of Launch Date,
S.A. Deys

28 Convergence Data 6£12.8 DA13(5) Velocity to start open-loop
computations must occur before
any coast or burn time adjust-
able parameter is encountered.

29 Permitted Values of 7E12.8 DAl14(1) List in the same order as the
Terminal Constraint . constraints (with perigee
and Coast Perigee DAL (7) radius last)

Constraint Deviations Suggest 50,000 feet for distances
and .008 radians for angles.
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Output Format

RONDVU COMPUTATIONS

L At the end of each forward trajectory, the RONDVU subroutine computes
‘ and outputs values for the pertinent times and state variables at the

| rendezvous time, which is defined as the time the booster achieves the
desired value of the stopping parameter. Direct comparison is possible

| between the state variables of the target and those achieved by the

i booster; these are the terminal constraints that the program is operating

} on. Notice these are inertial quantities, i.e., Yy ¢I, and inertial

longitude, or more correctly, right ascension.

’ Target Perigee Time Space Age Days
Booster Launch Time = TGO, S.A. Days
| Time from Launch,

Including Coasts TIMCT, S.A. Days

on

Rendezvous Time TGO + TIMCT, S.A. Days
TWOE 2E = V12 -2 wR , (ft/sec)2

Radius r , feet

Flight Path Angle YI » radians

Azimuth ¥y » redians

Latitude A , radians

Longitude @e » radians

Subtraction of the booster variable from the target variable gives

TR T T T A

" the terminal constraint error (d¢), wvhich, when multiplied by the proper
; DPPPST from the backward trajectory, gives the change in final weight

associated with that error.

In addition, other target RONDVU variables are output, although

most are output as zero for circular orbits (Option 1). For elliptic




orbits (Option 2), all quantities are output: they are defined in
Section 5 - Nomenclature. Units are as used internally in the program;
feet, seconds, radians, and radians/second for angular rates (RVN and

RVBDOT).

The input target ephemeris is also output, as are the achieved

values of the booster's orbit elements at injection.
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\ Trouble Shooting

Listed in this section are some of the peculiar difficulties that

| can be encountered using the RONDVU subroutine. As in PRESTO a great many
of the troubles result from erroneous or omitted input data. Other troubles

that may be encountered and their solutions are listed below.

! o Failure to input TWOE initially or whenever & new value is
desired.
o0 Usage of the coast stage will generally require calling the
radius-of-perigee constraint. For small perturbations on a
L reference target ephemeris, the internal tests may be suffi-
g cient to trigger this constraint. However, for large target
ephemeris perturbations, this constraint must be imposed
: through the use of Option 20.
’ o Poor input nominals, especially in terms of input THETA, CHI,
weights, and burn times. The RONDVU subroutine when used for
: trajectories with large perturbations from a reference target
ephemeris becomes very sensitive to inputs. For example, a
: maximum payload trajectory might have only two to four seconds
of burn time after the coast to injection into orbit. Since
the trajectory is terminated by the stopping parameter, if the
first burn is too long, the stopping parsmeter will be achieved
prior to the coast stage. If the burn time is too short, and
perhaps only by three quarters of a second, insufficient velo-

city will be availeble at the start of the coast stage to

>=1




achieve the desired terminal altitude.

Because of the repetitive nature of the timing of the problem,
there are many solutions for a given ephemeris. The RONDVU
version of PRESTO, &s the basic PRESTO, will only seek a

local optimum. This inplies that the user has an excellent
idea of what region he wants to be in for the result.

The above arguments also imply that only small step sizes
should be taken in developing & parametric perturbation
analysis from a nominal. A small change in launch time pro-
duces a large change in the target's position forcing changes

in the trajectory that are beyond the booster's capability.
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6. EQUATIONS

RONDVU EQUATIONS

i A specified target ephemeris of 2E, rp, i, Qe, tp

and Bp is combined
! with a rendezvous time TG to evaluate the target's instantaneous position
- in its orbit, expressed in terms of PRESTO's state variables, along with

their time derivatives.

Circular Orbit Elliptic Orbit

2E = -yu/r 2E = 2E
d 3
= . +
RVH T, (2E 2u/rp)
RV-r = -w/2E

e = 1 - (rp/ra)

n = (u/r3)% n = (u-/ra3)%
RPOP = . -t
0'-(TG-tp)'n M-('m-tp)'n
E' = M- esinE'
9' l+e E'
t‘“(z)'(m)“ﬂ@)
B=8p+e' B-Bp+9'
r. 1+
B = H/r2
v, = (2E+2p./r)%
e sin 0'
vy = O tan vr * T¥ecos ®

. = o, = 99.659967° + 0.98564743 * TG + 360.0-(TG fraction) + T

tan y, = cos 1/(sin 1 - cos B)
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sin A = s8ini - sin 8
tanv = (cos 1 + sin B)/cos B
TI = y + Qe
Circular Orbit Elliptic Orbit
r = VI sin Yr
. 2
Yy = cos ypr (V" - w/r)/(xVy)
*I = gin *I * sin A * nfcos A *I = sin *I « sin A + B/cos A
A = cos *I *n A = cos *I - B
T = sinyp - n/cos A Tp= sinyp . B/cos A

LIST OF SYMBOLS INTRODUCED FOR RONDVU

e Eccentricity of target orbit

E' Eccentric anomaly

M Mean anomaly

n Mean angular motion

RPOP Required Part of Orbital Period, seconds
RVH Angular momentum of target's orbit
RV-rm Semi-major axis of target's orbit

tp Target's perigee time in Space Age Deate
e' True ancmaly

The remaining nomenclature is identical to that of PRESTO, although
when used in the RONDVU subroutine it applies to the target, not the

booster.




“ . IN INERTTALLY-ORIFENTED EQUATORIAL SYSTEM

QUTWARD

~> RADIAL AT
KRENDEZVOUS
TIME

R T R A

Outward Redial Direction varies with time as the target travels in its

orbit plane.

R Target's position at rendezvous g In-plane angle from ascending node
time ’p Argument of perigee

®; Equatorial projection of R {  Inclination of target's orbit plane

P Perigee of target's orbit 5. Deelination of Outward Redial

Py Equatorial projection of P \:e Inertial longisude angle from

Y Vernal equinox ascending node
8' True anomaly Longitude of N
o Right ascension of Outward Radial N Ascending node of the orbit plane

O




7. DERIVATION OF OPTIMIZATION EQUATIONS AND PROGRAMMING
FOR RENDEZVOUS OPTION

The distinguishing feature of the rendezvous problem is that the
terminal constraints are the position and velocity of a moving target
and are therefore functions of time. 1In order to satisfy a time-dependent
terminal constraint, several changes must be made in the PRESTO equations.
The determination of the influence of adjustable launch, coast, and
burn times on terminal constraints does not make use of an absolute time

scale. Consider the two trajectories sketched below.

BURN COAST ~ BURN

/ NOMINAL

A

stole_ty, Lt v PERTURBED

7-1




where

“on
“op

is the length

is the length

tcn is the length
tcp is the length
th is the change
8t ovre

of the adjustable burn on the nominal trajectory
of the adjustable burn on the perturbed trajectory
of the adjustable coast on the nominal trajectory
of the adjustable coast on the perturbed trajectory

in launch time

is the change in the burnout or intercept time

The change in intercept time will be the sum of the changes in the adjust-

able parameters plus the change in time of the final burn stage. It is

important to note that the perturbed trajectory at point A corresponds to

the nominal trajectory at point A regardless of the fact that the absolute

times are different.

The effect of the change in burn time from A to the

end of the trajectory is accounted for when the adjoint variables are

initialized.

The effect of all changes in time up to point A must be

accounted for by adjusting the S associated with the adjustable parameters.

The basic perturbation equation for the rendezvous problem can be

written as

dy

t

* Vtarget [6tlaunch * Styurn * atcoastj = \ox + _f Asodt + S6T (1)

e

where atburn refers to the change in an adjustable burn stage and does not

include the final burn,

and vtarget

cept time.

is the vector

of target rates evaluated at the nominal inter-

The presence of the &target term in Eq. (1) corrects the desired

change in the terminal constraints (dy) for any changes mede in the
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g

adjustable parameters. Egq. (1) may be rewritten as

t
ay = Aex + [ Atadt + (S - Viarget) o7
te
The columns of the S matrix associated with adjustable launch, coast,
and burn times are adjusted by subtracting &target from them. This is
done in the TRAJ subroutine at the place where S is computed.

On a forward trajectory, after the launch time has been changed,
the d§ vector must be changed to include the additional term Gtarget th.
However, during the closed-loop portion of a forward trajectory, dy is not
used. It has already been incorporated into B;é and B;é on the previous
backward run. (See page 8-18 in PRESTO manual.) It is necessary to store

two additional quantities during the closed-loop portion of a backward

run.
Write the control vector &y during closed-loop operation as
b0 = Bd ¢ -D bx (2)
where B = B11 312 e e o o o BLJC

After the launch time adjustment, d¢ is replaced by dy + ;target 6t .

Substitute this into the expression for & to obtain

60 = Bdy + B Viarget §t; - Déx (3)

Expanding Eq. (3), one obtains




Jc Jc
: N

&M B,y d¢l+z B, dv, +( Z By by, )%

3=2 3=2 8
= - D&X

Jc Je

&x By 4%y +Z B,, dy, *( Z Bas :’J ) 5t
3=2 3=2 target )

The quantities to be stored on the backward run during closed-loop operation

are Jc
v .
) B w
L 71 TItarget
=2 ge
and
Jc

E: B ;
23 73
=2 target

The two sums are computed in MEQ and are stored in BSIDOT (MBl) and
BSIDOT (MB2), respectively.

On forward runs, during closed-loop operation, BSIDOT is multiplied
by 6%, and 1s added to the equations for &7 and 6x. This is done in PCAL.
When the K vector is computed in PCAL at the t9 point, %target stL is added
to dy.

The initialization of the adjoint variables must also be changed to
take into account the time-dependent terminal conditions. Let a(x) be the
desired stopping condition and let T be the unknown time at which the stop-

ping condition is satisfied. tf is the nominal stopping time. One may

write

W, (y - 'vwget)tfat (5)




P TET T T g — ——

vhere it is understood that &t refers only to the change in time of the

final burn. Similarly,

dan = dn't + n,t 6t (6)
f £

The stopping condition is satisfied when da hr = 0. Solve for &t in Rq. (6)

and substitute in Eq. (5). The result is

@ i ;tar t
d = 4y - —-——-____g_e_. d
¥y e, & i (M
tf
or
d‘b - l:_aj- ; ¥ - ‘l’target @ J 6x (8)
lT ox ;" ox tf

From Eq. (8), it is seen that the target rate is subtracted from the ter-
minal constraint rate bvefore computing the initial conditions on the adjoint
variables. This is done in the ICS subroutine.

Change in Coast Radius-of-Perigee Constraint

The purpose of the radius-of-perigee constraint is to insure that
the altitude of the trajectory during coast remains above a minimum alti-
If the coast does not contain the perigee, however, application of

tude.

this constraint will cause the coast altitude to exceed the minimum by an

amount which depends on the geometry of the orbit. The payload would then

be unnecessarily penalized.

The following procedure has been adopted to avoid this problem. If

the flight path angle at coast injection is positive, the minimum coast
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altitude will, in general, be the altitude at the start of the coast. If

this altitude violates the minimum altitude constraint, it will be con-
strained to the desired value in place of constraining the radius of peri-
gee. If the flight path angle at the start of coast is negative, the coast

will go through the perigee and the radius-of-perigee constreint will be

applied. During the iterative procedure, the program can switch back and

Torth between the two constraints.

There is one exception. If the final altitude is lower than the
altitude at the start of the coast, the constraint will be applied to

the altitude at the start of the coast regardless of the sign of the

flight path angle. The radius-of-perigee constraint does not work well

under these conditions.

A switch, IS(40), is set to +1 or -1 depending on the sign of the

flight path angle at the start of the coast. This is done in the coast

section of the TRAJ subroutine. If the altitude constraint is violated,

this switch is used in the ICS subroutine to determine the set of adjoint

variables that will be initialized.
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